Hysteresis-free high-temperature precise bimorph actuators produced by direct bonding of lithium niobate wafers The current paper presents a piezoelectric bimorph actuator produced by direct bonding of lithium niobate wafers with the mirrored Y and Z axes. Direct bonding technology allowed to fabricate bidomain plate with precise positioning of ideally flat domain boundary. By optimizing the cutting angle (128 Y-cut), the piezoelectric constant became as large as 27.3 pC/N. Investigation of voltage dependence of bending displacement confirmed that bimorph actuator has excellent linearity and hysteresis-free. Decrease of the applied voltage down to mV range showed the perfect linearity up to the sub-nm deflection amplitude. The frequency and temperature dependences of electromechanical transmission coefficient in wide temperature range (from 300 to 900 K) were investigated. Piezoelectric bimorph actuators are used in wide range of electromechanical applications. Bimorph actuator usually consists of two thin ceramics plates bonded together and driven with electrical field. One plate expands, while the other shrinks. This results in a lateral deflection of the plates. 1 Usage of the linear deformations of piezoelectric material allows to create bending actuators for scanning probe microscopy, micro ultrasonic motors, pneumatic valves, precise positioning, [2] [3] [4] [5] [6] while the shear deformations applied in bimorph torsional actuators are used for light beam deflectors and compact-size tunable optical filters. 7 Most widely used piezoelectric materials for bending actuators are (Pb,Zr)TiO 3 (PZT) ceramics due to high piezoelectric coefficients. Lead-free piezoelectric ceramics are gaining popularity due to environmental restrictions and higher working temperature than PZT, despite significantly lower piezoelectric coefficients. 8 It is necessary to point out that the piezoelectric ceramics with hysteresis or creep behavior in voltage dependence of the displacement requires complex feedback control system. Recently, the piezoelectric single crystals of langasite family have been developed for applications in the high temperature range, but they have comparatively low piezoelectric coefficients. 9, 10 The langasite has no phase transitions up to the melting point 1300-1500 C, but the bonding layer limits the temperature range.
Alternative piezoelectric material for high temperature actuators is a single crystal of the uniaxial ferroelectric lithium niobate LiNbO 3 (LN) characterized by high Curie temperature (about 1200 C) and high electromechanical coupling factors. 2, 4, 11, 12 The simple domain structure in LN consists of 180 domains. Creation of the tailored domain structure (domain engineering) allows to modify LN piezoelectric properties because the piezoelectric constants in the neighboring domains have the opposite sign. 13 Formation of the layer with reversed spontaneous polarization direction (inverted layer) in LN plate has been proposed as a method for fabrication of the bimorph actuator without bonding with excellent linearity and absence of hysteresis and creep, suitable for precise (fine, exact) positioning applications. 11 The amplitude of the fundamental frequency and its overtones for the thickness vibrations of bidomain plate depend on the thickness of the inverted layer. The length-and width-longitudinal vibrations are suppressed and bending vibrations appear to be maximal for an inverted layer thickness equal to one-half of the plate thickness. 14 This paper presents the piezoelectric characteristics and high temperature performance of the hysteresis-free single crystalline lithium niobate bimorph actuator for positioning with sub-nanometer precision produced by wafer direct bonding.
LN is the uniaxial single crystal, belonging to point group 3 m. Its piezoelectric constant and electromechanical coupling factor can be maximized by choosing the proper wafer cutting angle. 15 The XYZ coordinate system, using to describe the physical tensor properties, is usually chosen as follows: Z-axis corresponds to the polar axis, X-axis is perpendicular to the mirror plane, and Y-axis is chosen to form a right-hand system. As shown in Fig. 1(a) , when cutting angle # is defined as a rotation angle of the Y-axis around X toward Z-axis, the piezoelectric constant causing elongation/ reduction of the LN plate is expressed as d Fig. 1(b) ). d (7.4 pC/N) was chosen for the presented study. It should be noted that the proposed wafer direct bonding is suitable for any wafer orientation, for example, for obtaining maximum shear deformation.
Application of LN in actuators faces a technological problem related to bimorph realization. Several methods of the bidomain structure fabrication in LN were proposed. The high temperature annealing of a single domain wafer at the temperature close to the Curie temperature T c has been used to initiate the growth of the domain with opposite polarity from one surface and finally to formation of a domain wall, located close to the half thickness of the wafer. 17 Movement of the single crystalline LN slab in a furnace with a temperature gradient, from the volume with temperature above T c to the volume with temperature below T c with simultaneous application of the alternating electric field, 18 was proposed as a method to obtain the regular domain structure with wall orientation along the isotherm surfaces T ¼ T c . In this case, the bidomain wafers can be obtained by slicing treated LN slab parallel to the formed domain walls. The domain wall flatness can be essentially violated due to non-flat isotherm surface. Moreover, it is difficult to place the domain wall exactly in the middle of the actuator by both proposed methods.
We propose a direct wafer bonding technology for producing LN bimorphs. This technology is widely used in MEMS fabrication, optoelectronics, and obtaining heterogeneous wafer stacks. 19, 20 It was shown recently that the direct wafer bonding allows to increase the aperture of the periodically poled LN 21 and to produce the buried waveguides.
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The direct bonding process is based on chemical bonds appearing between two flat surfaces without using any intermediate layers. The direct bonding of two aligned LN wafers with the opposite direction of spontaneous polarization provides an equivalent of the bidomain wafer. Such production method guarantees flatness and precise position of the boundary between oppositely polarized regions-"domain boundary." Single crystalline 128 -rotated Y-cut congruent LN 0.5-mm-thick wafers (Crystal Technologies, Inc., USA) grown by Czochralski method 23 have been used. Direct bonding of two wafers with the mirrored Y and Z axes was realized by wafer cleaning, surface activation and pre-bonding followed by temperature annealing.
The mechanical cleaning with lint-free tissues and ultrasonic cleaning in deionized-water for 10 min followed by dry nitrogen blowing was used. The quality of cleaning was controlled using optical microscopy.
Activation of bonding surfaces was achieved by rinsing in SC-1 solution (NH 4 OH:H 2 O 2 :H 2 O, 1:1:5) at 80 C for 20 min followed by deionized-water spin-cleaning for 5 min and spin-drying by dry nitrogen. Such treatment resulted in surfaces with low contact angle which is necessary for the hydrophilic bonding.
Wafers were oriented for the alignment of X-axes while positioning the same polar surfaces of two wafers facing each other (thus mirroring Y and Z axes) and brought in contact. Slight pressure applied to the wafer center led to the spreading of the bonding over the whole wafer area. The unbonded voids can occur if the wafers are not clean enough.
The so-called "pre-bonded wafers" were annealed at 300 C for 5 h. The slow heating and cooling rates have been used to minimize the pyroelectric field which can change the domain structure. 24 The bonding procedure resulted in the bond strength sufficient for the mechanical processing and actuator operation in wide temperature range.
The properties of the bonding interface have been studied. The crossed cleavage surface of bimorph wafer was examined using scanning electron microscope Auriga CrossBeam Workstation (Carl Zeiss, Germany) without surface coating using the charge compensation system (Fig. 2) . The absence of the cracks along the bonding interface has been demonstrated. Such results indicated that the coupling strength at the interface between the bonded wafers is comparable to the interatomic forces in a single crystal. It should be noted that the observed contrast between the wafers is caused by the different value of the surface charges.
Bimorph actuator prototype was fabricated and characterized in temperature range from RT up to 900 K (Fig. 3) . Rectangular 25 Â 3 mm plates with shorter side parallel to X-axis were cut from 1-mm-thick bimorph LN wafer. Silver paste electrodes were deposited on both faces. One end of the plate (5 mm in length) was mechanically fixed in brass holder used for application of a driving electric field. The This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
1 mm 2 rectangular region on the free end of the plate has not been covered by electrode for the measurement purposes.
The scheme of the testing setup used for the electromechanical characterization of the bimorph actuator is shown in Fig. 4 . Actuator was rigidly fixed in the center of quartz tube oven with 1 C temperature stability driven by a temperature controller TPM151 (Owen, Russia). The displacement of the actuator end was measured by laser interferometer SP-120 (SIOS Messtechnik GmbH, Germany) with a precision of 0.3 nm. Laser spot was focused on the rectangular region not covered by electrode at the free end of the actuator. Vibration isolation of the testing setup was provided by active table TS-150 (Table Stable Ltd., Switzerland). The voltage dependence of the displacement was measured by a piezoelectric evaluation system aixPES (aixACCT Systems GmbH, Germany) using triangular bipolar waveform with a frequency of 400 Hz. The external high voltage amplifier allowed to apply the voltage up to 10 kV. The frequency and temperature dependences of electromechanical transmission coefficient of the actuator were measured using lock-in amplifier SR830 DSP (Stanford Research Systems, Inc., USA).
The measured voltage dependence of the displacement of the actuator end (circles on the plot) has been fitted linearly with Pearson's correlation coefficient of 0.99998 ( Fig. 5(a) ). The electromechanical transmission coefficient k of the actuator is equal to 15.9 nm/V. The obtained value is in good agreement with the theoretical one-16.3 nm/V, calculated using the approach, presented in Ref. 25 . It was shown that k value remains constant for operating voltage at least up to 1 kV/mm demonstrating the stability of the domain boundary between bonded wafers.
The capability of the actuator for sub-nanometer scale positioning, the bending amplitude dependence on applied voltage was examined by the Probe NanoLaboratory NTEGRA-Therma (NT-MDT, Russia) using constant force mode. The probe sensor CSG-01 with resonance frequency of 9.8 kHz was used. The probe was placed on the rectangular region not covered by electrode on the actuator free end. First, the DC voltage was applied to the electrodes and the capacitive feedback sensor of the scanner was used to measure the voltage dependence of the large displacement which demonstrates the same data as interferometry technique. Then, the top-bottom signal from the quadrant detector was recorded by the external SR830 lock-in amplifier during application of the ac excitation voltage with amplitude ranged from 1 to 5 V and frequency of 400 Hz. It was needed for calibration of the cantilever deflection signal based on k value obtained by measurement in DC regime. Following decrease of the ac excitation level down to mV range demonstrated the perfect linearity down to the sub-nm deflection amplitude (Fig. 5(b) ). It was shown that the actuator displacement step of 0.1 nm corresponds to the voltage change of 5.8 mV.
The measured frequency dependence of k is presented in Fig. 6(a) . Coefficient k is slowly increasing up to 1500 Hz, with a strong resonance peak at 1915 Hz. The obtained resonance peak is determined by geometrical sizes of the actuator and Young's modulus and can be changed according to specific requirements.
The electromechanical transmission coefficient k of bimorph actuator at different temperatures was measured (Fig. 6(b) ). In temperature range from 300 to 500 K the k coefficient was found to be nearly constant. The increase of k was recorded above 500 K with the maximum value of 22.1 nm/V at 780 K. Further increase of the temperature led to the k decrease. The observed slow increase of k during heating is due to increasing of the piezoelectric coefficient at elevated temperatures. 26 The observed decreasing of k after 780 K can be attributed to increase of the ionic conductivity and oxygen out-diffusion. 27 Similar temperature behavior of piezoelectric properties had been obtained in lithium niobate ultrasonic transducers. 28 The lithium niobate single crystal with high electromechanical coupling factors has been studied as the alternative piezoelectric material for high temperature bending bimorph actuators. The direct wafer bonding technology was used for producing lithium niobate bimorphs. The method guarantees flatness and precise position of the domain boundary between oppositely polarized regions. The bimorph actuator prototype was fabricated and characterized in temperature range from 300 K to 900 K. It was shown that the fabricated actuator has excellent linearity, no hysteresis, no creep in wide temperature range and does not require complex feedback control system. High temperature characterization of the set of bimorph actuators prepared according to the presented method from wafers with different axis orientation opens a way to estimate the lithium niobate piezoelectric constants in wide temperature range.
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